The performance of a photonic band-edge laser fabricated from a low molar mass dye-doped chiral nematic liquid crystal is found to have a strong thermal dependence. At each temperature the performance of the laser has been characterized by the slope efficiency which was calculated from a plot of the emission energy as a function of excitation energy. This slope efficiency was found to increase by 36% when the dye-doped chiral nematic liquid crystal was cooled from 53 to 43°C. The increase in slope efficiency is considered to be due to a change in the lasing conditions, in particular, changes in the emission efficiency of the dye and possibly the quality factor of the liquid-crystal resonator, which is dependent upon the linewidth of the resonant mode. The wavelength dependency of the spontaneous emission intensity and the quantum efficiency of the dye were not found to influence the lasing conditions in this case. The order parameters relating to the dye-doped chiral nematic liquid crystal were considered to be the principle factors responsible for the increase in performance at the lower operating temperature of 43°C.
I. INTRODUCTION
Under the right experimental conditions dye-doped chiral nematic liquid crystals may be shown to behave as photonic band-edge (PBE) lasers. [1] [2] [3] In dye-doped chiral nematic liquid crystals the periodic dielectric tensor, a consequence of the helical structure, creates a photonic band gap for light emitted from within the helix structure with the same polarization sense as the rotation sense of the helix. Within the band gap emission is suppressed, whereas at the boundaries the photon dwell time is significantly increased, giving rise to long-lived modes. 4 Because of the high gain factor at these resonance modes low-threshold lasing can readily be observed.
To date there are various reports [5] [6] [7] [8] which have demonstrated the ability to change the behavior of the PBE laser by altering the environmental conditions. For example, studies have shown 5 that by exploiting the electro-optic switching properties, inherent with most liquid crystals, laser action can essentially be switched on and off on the application of an electric field. Laser action can also be adjusted by deforming the photonic band gap, using forms of mechanical stress, as has been demonstrated in cholesteric elastomers. 6 In addition, a change in temperature can also modify the laser characteristics such as wavelength tuning of the laser line and has been demonstrated in both ferroelectric 7 and chiral nematic 8 liquid crystals. More recently a study 9 was conducted on the temperature-dependent laser emission from cholesteric glasses where it was observed that a substantial drop in the laser threshold occurred at the glass-nematic transition temperature. The reduction in threshold was accounted for by the change in both the orientational order parameter and the viscosity.
There have presently been no reports dedicated to the study of the change in optical performance, or efficiency, of a PBE thermotropic chiral nematic liquid-crystal laser when the temperature is altered. In this paper we used a low molar mass nematic monomesogen and a fluorescent dye with a high quantum yield to create a low-threshold PBE laser. We then introduce a parameter to define the laser performance at each temperature, the slope efficiency, and examine how this was altered when the temperature of the PBE laser was changed. Our results suggest that the order parameter of the transition dipole moment for emission and the orientational order parameter are the key parameters that influence the emission of a PBE liquid-crystal laser, all other factors being equal.
This paper is organized as follows: Sec. II describes the preparation of the samples as well as the experimental procedures followed to obtain the results. The experimental results are then introduced and the salient features highlighted in Sec. III. Section IV is the discussion which is segregated into three subheadings: Sec. IV A, selection of the lasing channel: Sec. IV B, PBE lasing at the gain maximum: and Sec. IV C, temperature-dependent lasing. In Sec. IV B we discuss the importance of lasing at the gain maximum and show that this condition was satisfied for a range of different temperatures without changing the concentration of chiral dopant. In Sec. IV C we consider some of the possible factors that could influence the lasing conditions and consequently give rise to an operating efficiency which is temperature dependent.
II. SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE
For the fluorescence spectra, fluorescence intensity, and refractive index measurements a sample containing the achiral nematic liquid-crystal M18 (Merck NB-C) and a)
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hjc37@cam.ac.uk ϳ2 wt % of the fluorescent dye, 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostryl)-4H-pyran (DCM, Lambda Physik) was prepared. The DCM dye was used because of its high miscibility and quantum yield in nematic/chiral nematic solvents. In the liquid-crystal host, there appeared to be no aggregation of the dye molecules for a concentration of ϳ2 wt %. From herein we refer to this sample as DCMdoped M18.
Lasing and reflection spectra measurements were carried out using a dye-doped chiral nematic liquid-crystal sample which was prepared by mixing M18 with a low concentration ͑ϳ5 wt %͒ of a high twisting power chiral dopant (BDH1305, Merck NB-C) and a low concentration of the DCM dye ͑ϳ2 wt %͒. The pitch of the helix was tuned to the fluorescence maximum of DCM by adjusting the concentration of chiral dopant. To allow for sufficient mixing of the constituents, the mixture was heated into the isotropic phase for a period of 24 h. The resulting chiral nematic mixture had a right-handed helix. Therefore right circularly polarized light would be attenuated by the one-dimensional photonic band gap (1D-PBG). From herein we refer to this sample as the DCM-doped M18* PBE laser.
In all cases, the samples were capillary filled in the isotropic phase into commercially manufactured 7.5-m-thick "Lucid" cells (EEV). Inside the cell the glass substrates were coated with a rubbed polyimide alignment layer and gave a high-quality grandjean texture for dye-doped chiral nematic samples and homogeneous alignment for dye-doped nematic samples.
An Abbé refractometer and a sodium lamp ͑ = 589 nm͒ were used to measure the refractive indices parallel, n ʈ (extraordinary) and perpendicular, n Ќ (ordinary) to the director of the DCM-doped M18 sample. The refractive indices were then used in conjunction with the Haller technique 10 to obtain the orientational order parameter, S 2 . We carried out a two-parameter least-squares fit to the data so as to obtain the "continuous" nematic-isotropic transition temperature, T* and the exponent ␤, in the relation,
͑1͒
For laser-induced measurements, such as fluorescence and PBE lasing, a Q-switched Nd:YAG laser ͑ = 532 nm͒ (Polaris II, New Wave Research) was used to photoexcite the DCM dye at the long wavelength side of its absorption maximum. The pulse length and repetition rate were set to 6 ns and 1 Hz, respectively. The choice of repetition rate was based upon a previous investigation 11 which established optimum experimental conditions to avoid sample heating and degradation. A microscope objective was used to focus the incident beam down to a spot size with a diameter of ϳ160 m at the sample which was mounted on a rotation stage built in house. Temperature control of the sample was achieved using a custom built hotstage (Linkam) and controller (TMS93, Linkam). After a series of collection optics the output from the sample was then spectrally resolved, unless otherwise stated, by a fiber-optic-based universal serial bus (USB) spectrometer (resolution= 1.5 nm; USB 2000, Ocean Optics), and for the benefit of photoexcitationdependent studies, a laser star energy meter (Ophir) was used to measure the pump energy as well as the emission energy of the DCM-doped M18* PBE laser. The values of emission energy are given for lasing in the forward direction. There is an equal output in the backward direction. A high-resolution spectrometer (resolution= 0.04 nm; HR2000, Ocean Optics) was used to provide a closer inspection, in terms of spectral width, of the lasing modes.
Photonic band-edge lasing measurements were carried out every 2°C starting from 53 to 43°C which correspond to shifted temperatures ͑T s = T 1−N* − T͒ of T s = 20 and 30°C, respectively. Consequently, measurements of the PBE laser were carried out well below the chiral nematic to isotropic transition and coincide with the temperature range, whereby the order parameter varies slowly and to a good approximation is linearly dependent upon temperature. Further DCMdoped M18* does not exhibit a lower-temperature smectic A* phase and so the material is not thermochromic and the helical pitch does not diverse with decreasing temperature. We verified over the temperature range of the present studies that the pitch was independent of temperature. This is discussed in Sec. IV B.
III. EXPERIMENTAL RESULTS
A parameter that is crucial for a discussion of the lasing conditions is the order parameter of the transition dipole moment for emission, S Temission . The order parameter, S Temission , was calculated from the emission intensities measured parallel ͑I ʈ ͒ and perpendicular ͑I Ќ ͒ to the nematic director while taking into account the effects of the internal field, 12, 13 
This equation already includes the correction for the internal field, which is the influence of the order parameter of the nematic host, S 2 , on the order parameter of the transition dipole moment, and is achieved with the inclusion of the optical parameters n ʈ and n Ќ , top and bottom in Eq. (2) . A value of S Temission =1 ͑I Ќ =0͒ corresponds to the case of perfect alignment of the transition dipole moment with the director. In this case the intensity perpendicular to the director is zero while the intensity parallel to the director is maximum. S Temission = 0 corresponds to an isotropic orientational distribution of the transition dipole moment, whereby the intensities parallel and perpendicular to the director are equal in magnitude. For a value of S Temission Ͼ 0 ͑I ʈ Ͼ I Ќ ͒ the preferred orientation is parallel to the director while the values of S Temission Ͻ 0 ͑I ʈ Ͻ I Ќ ͒ correspond to a preferred orientation perpendicular to the director.
A plot of the order parameter, S Temission , for DCM doped in M18 as a function of temperature is presented in Fig. 1 . For comparison, the temperature dependence of the orientational order parameter of the chiral nematic "layers," S 2 , is plotted on a secondary axis. At the same temperature the order parameter, S 2 , is approximately twice as large as the order parameter, S Temission . As is typical for order parameters in the nematic phase, the temperature dependence is at its strongest upon approaching the nematic-isotropic transition.
For DCM-doped M18 the order parameter, S Temission , increased by approximately 50% over the 30°C temperature range from 70 to 40°C. In reference to the operating temperature range of the DCM-doped M18* PBE laser the order parameter increases by approximately 10% from 53 to 43°C.
Some of the reports in the literature 14, 15 which have calculated the order parameter of the transition dipole moment for emission for other dye-doped nematic samples have neglected to take into account the effects of the internal field. We therefore mention briefly how the value of S Temission for our sample changes if the internal field is not accounted for. By removing the refractive indices from Eq. (2) the order parameter was then recalculated and found to be ϳ20% lower at any given temperature than the value obtained when taking into account the effects of the internal field. For example, at 40°C the order parameter of the transition dipole moment for emission is found to be S Temission Ϸ 0.26 before correction for the internal field and S Temission Ϸ 0.32 afterwards. This increase is due to the fact that S 2 Ͼ S Temission . For dye molecules that are shorter than the mesogenic host molecules, the condition S Temission / S 2 Ͻ 1 is expected. 12 The importance of the order parameter and how it influences the lasing conditions are discussed in more detail in Sec. IV A. Figure 2 shows the reflection and lasing emission spectra of the DCM-doped M18* at the two extreme operating temperatures of the PBE liquid-crystal laser. Only the long wavelength side of the reflection band is visible, the wavelength of the first minima is 613 nm at 53°C and 618 nm at 43°C. The short wavelength edge, on the other hand, is masked by the absorption of the DCM dye. The interference fringes at the long wavelength edge are due to multiple reflections in the cell and are typically only observed in thin ͑5-15 m͒, well-aligned monodomain chiral nematic samples. 9 The reflectance at the maxima of these interference fringes decreases as the separation from the reflection band is increased. A single lasing peak is readily observed at the mode closest to the long wavelength edge. Both lasing emission spectra were recorded for photoexcitation energies of 18 J / pulse and have been normalized to the peak intensity at that temperature. No additional peaks at the higher-order resonance modes, which would be located at the minima of the interference fringes, were observed for any of the excitation energies used in this study. As the temperature is decreased, the laser line and similarly reflection band are redshifted in unison to longer wavelengths.
For a comparative study of the lasing conditions at different temperatures we must also take into account the spontaneous emission of DCM as a function of wavelength and temperature. The spontaneous emission (fluorescence) spectra of the DCM-doped M18 sample as well as the lasing emission spectra of the DCM-doped M18* sample are both shown in Fig. 3(a) . The fluorescence spectrum of the DCMdoped M18 when excited by the second harmonic of an Nd:YAG laser has a broad, flat-top profile starting at 590 nm and ending at ϳ620 nm. This spectral profile, i.e., the relative intensity as a function of wavelength, remained unchanged when the sample was cooled across the nematic temperature range of the DCM-doped M18 sample. However, the absolute emission intensity at each wavelength did increase on cooling of the sample and is discussed in Sec. IV C. From herein we refer to the flat-top wavelength range as the fluorescence maximum. This fluorescence maximum corresponds to the shortest gain length, the average distance a photon travels before generating another photon through stimulated emission. The lasing emission spectra for four of the six temperatures at which the measurements were carried out at are given in Fig. 3(a) , clearly indicating the change in spectral position with temperature. From left to right the emission lines correspond to the temperatures 53, 49, 45, and 43°C. Over this temperature range the laser wavelength changes from 610.5 to 616.8 nm corresponding to a change in the fluorescence intensity by no more than ϳ3%. Figure  3 (b) is a plot of the wavelength of the laser line as a function of the refractive index, n ʈ , indicating an almost linear dependence. On cooling the sample, the laser line was seen to shift steadily to longer wavelengths in approximately 1-nm steps for 2-°C temperature increments. Overall a total redshift of ϳ6 nm was observed for a decrease in temperature of 10°C corresponding to a change in n ʈ of 1%. The significance of this linear dependence is discussed in more detail in Sec. IV B. Fig. 4 . The abrupt change in emission above the excitation threshold is an evidence of lasing and such a threshold has also been observed in other reports. [1] [2] [3] For our sample the excitation threshold ͑ϳ1.3 J / pulse͒ remains temperature independent. Above the lasing threshold the emission energy of the PBE laser increases linearly with excitation energy before reaching saturation at input energies in excess of 20 J / pulse (not shown in Fig. 4) . The most striking feature is that the operating efficiency, which is the degree of conversion from excitation energy to emission energy of the PBE laser, is increased as the temperature is decreased.
Figures 5(a) and 5(b) show the lasing emission spectra recorded at 53 and 43°C, respectively; in both cases a photoexcitation energy of ϳ18 J / pulse was used as the pump source. In Fig. 5(a) there are two peaks, one at 610.4 nm and the other at 610.53 nm, the separation between the peaks being 0.13 nm. Both these peaks are of a similar order of magnitude of intensity, the shorter wavelength line being approximately 50% of the lasing emission intensity of the longer wavelength line. The spectral width ͑⌬ r ͒ of the two laser lines are approximately the same (⌬ r = 0.08 nm at 53°C and ⌬ r = 0.06 nm at 43°C). Such a narrow spectral width laser line suggests that lasing occurred from a wellaligned monodomain from within the sample. Figure 5(b) shows that the two laser lines were redshifted to longer wavelengths at the lower temperature of 43°C. At 43°C there were still two peaks present and the relative intensities had remained roughly the same. These peaks appeared at 616.78 and 616.94 nm. The separation of the two peaks has increased slightly to 0.16 nm. Within the spectral resolution limits of our spectrometer the spectral width of the laser lines appears to be unchanged on cooling by 10°C.
IV. DISCUSSION
A. Selection of the lasing channel (choosing the optimum resonance mode)
Theoretically, there are a number of possible optical resonance modes associated with a 1D-PBG structure. 13 First of all, it was important to determine which of the available resonances had the lowest threshold; this was a necessary step before we began chemically tuning the reflection band/ photonic band gap to the maximum intensity of the fluorescence spectrum. This was to ensure that the PBE liquidcrystal laser was operating at its maximum potential efficiency at each temperature.
For a chiral nematic liquid crystal, which may be considered as a 1D-PBG, there exist a series of closely spaced resonance modes positioned at either side of the photonic band gap. There are two fundamental resonance modes available for lasing which are located closest to the edges of the PBG, one at the short wavelength edge and the other at the long wavelength edge. We neglect the higher-order modes for the reason being that the density of photon states decreases dramatically the further away they are from the edge of the gap. 13 At the long wavelength edge the fundamental mode is composed of two circularly polarized counterpropagating waves traveling along the helix axis, the plane of polarization being everywhere aligned to the local director. For the short wavelength edge the mode consists of the same components except in this case the plane of polarization is rotated 90°such that it is orientated perpendicular to the local director. 13 Depending upon the alignment of the transition dipole moment of the dye with respect to the plane of polarization of the respective resonant mode, lasing can occur at the long wavelength edge, the short wavelength edge, or even at both edges provided that the gain is the same in all three cases. The probability of emission into each of these resonance modes is dependent upon the projection of the transition dipole moment upon the plane of polarization of the mode. If the transition dipole moment is aligned parallel to the director, i.e., perfect alignment, then lasing can only occur at the long wavelength edge. For a transition dipole moment aligned perpendicular to the director only the mode at the short wavelength edge is a potential lasing channel. For an isotropic distribution of the transition dipole moment lasing may be observed at both edges. In this case, however, the short wavelength edge is believed to offer the lowest threshold because it is the narrowest of all the resonance modes and consequently has the longest photon dwell time.
All things considered, the single most important parameter for determining which fundamental resonance mode is likely to have the lowest lasing threshold, assuming all other factors such as the gain are equal, is the order parameter of the transition dipole moment for emission, S Temission . This order parameter quantifies the orientational distribution of the transition dipole moment for emission with regard to the director and consequently the degree of alignment with the polarizations of the optical resonance modes situated at the edges of the photonic band gap. According to Ref. 13 , positive values of S Temission indicate that stimulated emission preferentially takes place at the long wavelength edge. This is reinforced by the measurements presented in Ref. 14 where it was shown that for a DCM-doped chiral nematic, which had an order parameter of S Temission Ϸ 0.2, the spontaneous emission intensity was more pronounced at the long wavelength edge. The values obtained from our measurements for the order parameter (S Temission Ϸ 0.2 to 0.32, see Fig. 1 ) coincide with the values reported in the literature and indeed long wavelength lasing is confirmed in Fig. 2 . For the excitation energies used in this study ͑0-20 J / pulse͒ there was no circumstance where lasing was observed at the short wavelength edge, even when it was matched to the fluorescence maximum.
B. PBE lasing at the gain maximum
In order to reduce the number of variables in an investigation of the effects of temperature on the performance of a PBE liquid-crystal laser, the influence of the gain (fluorescence) curve on the laser emission must be correctly accounted for. For a PBE liquid-crystal laser the thermal behavior of the laser line wavelength is determined by the evolution of the photonic band gap with temperature. In turn, the temperature dependence of the extremities of the gap is dictated by the dependence upon temperature of the optical parameters, n Ќ and n ʈ , and the undistorted pitch length, P. Precisely, the relationships for the long ͑ ʈ ͒ and short wavelength ͑ Ќ ͒ edges are
respectively. Reports in the literature 8 have demonstrated the ability to tune the laser wavelength by means of altering the temperature and changing the refractive indices, n Ќ and n ʈ , and the pitch length. For temperature changes in the pitch length, P, a discontinuous stepwise shift in the laser wavelength has been observed. 8 The mechanism behind this behavior can be explained as follows. In contrast to the unconfined state, the chiral structure, in practice, is sandwiched between two glass substrates which have rubbed alignment layers that force the molecules at the surface to align preferentially with the direction of rubbing. Therefore, between two surfaces there can only be an integer number of half-periods which then restricts the change in pitch with temperature to discrete jumps during which the number of half-periods changes by one. As a result, the behavior of the pitch and consequently the laser wavelength appears stepwise with temperature. In between jumps the pitch is independent of temperature and the change in the long wavelength edge is considered to be due to the extraordinary refractive index only as described in Eq. (3). For our sample, DCM-doped M18*, the condition of a constant pitch length is supported by the linear relationship between the long wavelength edge, ʈ , and the extraordinary refractive index, n ʈ , shown in Fig. 3(b) .
Like all organic laser dyes the fluorescence intensity of DCM is wavelength dependent and therefore spectral movement of the laser line can correspond to an alteration in the gain. As shown in Fig. 3(a) the only spectral region where the intensity appears to be approximately independent of wavelength is at the fluorescence maximum. The spectral profile of this fluorescence maximum does not appear to change with temperature. For example, the difference in intensities between 610 and 620 nm is the same irrespective of temperature. As a result, we chose a specific temperature range such that the change in the intensity contribution, due to a shift in the laser wavelength relative to the fluorescence curve, was minimized. For the chosen temperature range the change in fluorescence intensity, due to the redshift in the laser line, was only 3%. Any significant changes in the operating efficiency of the DCM-doped M18* PBE laser are, as a result, unlikely to be due to a change in the location of the laser line relative to the gain curve.
C. Temperature-dependent lasing
It is obvious from Fig. 4 that the operating efficiency of the liquid-crystal laser is temperature dependent. For the temperature range over which measurements were performed, the alteration in the excitation threshold was well below the detection limit of our apparatus (see inset of Fig.  4) . Therefore, for our sample the excitation threshold appears to be temperature independent. It is evidently clearer, however, that the gradient of the line or slope efficiency does change steadily with temperature. The slope efficiency, s , is the constant of proportionality in the relation
where E out is the emission energy of the PBE liquid-crystal laser, E pump is the pump excitation energy, and finally E th is the threshold excitation energy, which in this case is temperature independent. We use the parameter, s , to quantify the operating efficiency or performance of the liquid-crystal laser so that we may discuss the apparent change both qualitatively and quantatively. The slope efficiency has a strong, inversely proportional relationship with temperature (see Fig.   6 ). On cooling from 53 to 43°C, s is seen to increase by 36%, which for our sample (where the excitation threshold appears temperature independent) corresponds to a similar percentage increase in the emission energy for a given excitation energy. For example, for an excitation energy of 18 J / pulse the emission energy, E out , increases from 170 nJ/ pulse at 53°C to 230 nJ/ pulse at 43°C. Since the slope efficiency is noticeably enhanced on cooling it appears that the most favorable conditions for lasing are at the lower temperatures of the chosen operating range.
Let us consider the temperature dependence of the lasing behavior in more detail. There are essentially a number of factors that could potentially be responsible for the change in performance of the PBE liquid-crystal laser that we have observed. These include the quality factor, Q, of the chiral nematic liquid-crystal resonator, the emission efficiency of the dye with respect to the resonance mode, the quantum efficiency of the DCM dye molecule emission in the liquidcrystal phase, the thickness of the media, the dye concentration, and so on. In our case we can ignore the effects of thickness and dye concentration since these have not been changed. The principle factors that influence the PBE lasing emission are generally considered to be the quantum efficiency of the DCM dye molecule emission, 9 the emission efficiency of the dye with respect to the resonance mode, [13] [14] [15] and the Q factor of the resonator.
9,18
We begin by considering the quantum efficiency of the DCM dye. Intramolecular rotations of the dye molecules can be counterproductive to the quantum efficiency since they can invoke a deactivation of the S 1 excited state and consequently lower the quantum yield. 17 In the context of PBE lasing, a recent report 9 related the viscosity of the liquidcrystal phase to the photoluminescence intensity of the dye. Upon cooling from the liquid crystalline to the glass phase a large increase in the photoluminescence was observed, corresponding to a large increase in the viscosity. At the same time the excitation threshold for photonic band-edge lasing was seen to drop dramatically upon cooling from the cholesteric to the glass phase. The observed change was attributed to several factors, one of which was that a change in the viscosity caused a freezing-in of the rotational degrees of freedom of the chemical groups of the dye. The reduction in 
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the mobility of the chemical groups of the dye prevents the deactivation of the S 1 excited state and therefore increases the quantum efficiency.
For the purpose of our study we are interested in the effect a relatively small change in the viscosity has on the quantum efficiency of the dye. In order to isolate the effects of the viscosity we examine the average fluorescence intensity from a planar-aligned DCM-doped nematic sample instead of from a DCM-doped chiral nematic sample. The presence of the PBG in the chiral nematic sample causes a modification to the fluorescence intensity due to the oscillations in the density of photon states and would therefore make the interpretation of the results more complicated.
For our samples, measurements of the average fluorescence intensity of the DCM doped in M18 do not appear to reflect the temperature dependence of the viscosity. Instead the behavior is better described by the relation
where n av is the average refractive index and the fraction, 1 / 3, represents the density of photon states. Equation (6) was derived for the fluorescence intensity in the isotropic state but for all intents and purposes should be comparable to the average fluorescence intensity in the nematic phase. Of particular interest is the physical or optical parameter that determines the average fluorescence intensity, which according to Eq. (6) is the average refractive index. For comparison the temperature dependencies of the average fluorescence intensity and the average refractive index are shown in Fig. 7 . The temperature dependence of both plots is almost identical and there appears to be no obvious deviation due to the influence of an additional physical parameter. If the viscosity also influenced the average fluorescence intensity, it would contribute an Arrhenius-type dependency which is clearly not observed (see Fig. 7 ). Thus, the temperature dependence of l av appears to result only from the temperature dependence of n av , as suggested by Eq. (6) . Therefore the effects of quantum efficiency of the DCM dye on the performance of the PBE laser used in this study are then considered to be negligible.
Another factor potentially responsible is the emission efficiency of the dye with regard to the resonance mode at which lasing occurs. From a theoretical standpoint the spontaneous emission is directly proportional to the average of the squared projections of the transition dipole moment for emission of the dye, , on the polarizations of the normal modes, E i . 13 As mentioned previously, in the case of the long wavelength edge of a chiral nematic liquid crystal the normal mode has a polarization aligned along the director. Spontaneous emission is at its maximum at the long wavelength edge when the transition dipole moment is perfectly aligned to the director. The orientational distribution of the transition dipole moment with regard to the director is of course quantified by the order parameter, S Temission . Therefore, the average of the squared projections can be expressed in terms of S Temission as follows:
where f i is the ellipticity of the polarized wave. At the long wavelength edge the average ͉͗E i ϫ ͉ 2 ͘ increases with increasing values for S Temission and as a result the fluorescence intensity increases. In Fig. 1 it is shown that as the temperature decreases, the order parameter, S Temission , increases. From 53 to 43°C the change in order parameter is ϳ10% which would correspond to a similar increase in the spontaneous emission intensity if the density of photon states remains constant. However, the change in slope efficiency of the laser is much greater ͑ϳ36% ͒. It is therefore unlikely that this is the only factor influencing the increase in performance of the PBE laser. A large contribution to the enhanced performance of the laser must come from another factor.
So far, we have considered the roles of the quantum efficiency of the dye and the emission efficiency on the emission energy of the PBE laser. However, only one of these, namely, the latter, was more likely to have influenced the operating efficiency of the PBE laser, although it does not appear to completely account for the reduction in performance at elevated temperatures.
The final factor that we consider is the quality factor of the chiral nematic liquid-crystal resonator. The Q factor can be described by 9, 18 
where r is the wavelength of the resonance mode and ⌬ r is its width. For lasing at the resonant mode at the long wavelength edge, r = ʈ . Therefore, the wavelength, r , is governed by the same physical parameters that govern, ʈ , as described in Eq. (3). On the other hand, the width of the mode, ⌬ r , is determined by the orientational order parameter, S 2 , associated with the chiral nematic layers. Qualitatively speaking, S 2 is inversely proportional to ⌬ r . Hence, an increase in S 2 therefore leads to an increase in the Q factor and consequently an increase in the photon dwell time, A longer photon dwell time is instrumental in lowering the laser threshold and increasing the operating efficiency. 9 It is well known that the orientational order parameter S 2 depends upon temperature (Fig. 1 ) and therefore as a result the quality factor is also likely to be temperature dependent.
An exact quantative description of the temperature dependence of the Q factor cannot be given based upon the results presented in this paper. The limit of resolution of our spectrometer prevents us from observing accurately a change in linewidth that is less than 0.04 nm. As a result the change observed in Fig. 5 (⌬ r = 0.08 nm at 53°C to ⌬ r = 0.06 nm at 43°C) cannot be considered a true representation of the change in linewidth with temperature. Consequently, it is then difficult to predict the actual contribution of the Q factor to the increase in the slope efficiency. We point out that only a small change in the linewidth ͑ജ0.01 nm͒ is required to change the Q factor by a significant amount ͑ജ15% ͒. Therefore, while the change in linewidth remains an unknown we must then find another method to determine the significance of the Q factor.
Since we were unsuccessful in our attempts to observe a change in the linewidth we have decided instead to consider the factor that controls ⌬ r , namely, the orientational order parameter, S 2 . A quantitative description of ⌬ r and consequently of the Q factor using just the values of S 2 is difficult without computer simulations. 9 However, as an alternative means of elucidating the role of the Q factor we can compare directly the emission energy of the DCM-doped M18* PBE laser to the order parameter at each operating temperature.
The relationship between the order parameter and the emission energy for fixed excitation energy is shown graphically in Fig. 8 . A line of best fit to the data in Fig. 8 highlights the dependence of the emission energy on the order parameter. This relationship implies, albeit indirectly, that the Q factor, in conjunction with the emission efficiency as discussed earlier, is in some way responsible for the increase in performance observed at lower operating temperatures. As an example, a change in the Q factor ͑ϳ25% ͒ coupled with a change in the emission efficiency ͑ϳ10% ͒ over the 10°C temperature range accounts for the change recorded in the slope efficiency ͑ϳ36% ͒. However, we point out that these contributions are only approximate since we have neglected to consider the change in the density of photon states and therefore the influence of the emission efficiency may be slightly larger and consequently the influence of the Q factor may be slightly less. Nevertheless, our main result is that high-performance PBE lasing in a thermotropic chiral nematic occurs for the combination of a large orientational order parameter, S 2 , and a large order parameter of the transition dipole moment for emission, S Temission . The former of which has a strong influence on the latter.
V. CONCLUSIONS
The emission characteristics of a photonic band edge (PBE) thermotropic liquid-crystal laser have been studied as a function of temperature. At each temperature the performance of the PBE laser has been characterized quantatively by the slope efficiency which was obtained from plots of the emission energy of the PBE liquid-crystal laser as a function of the excitation energy. For our sample, the DCM-doped M18*, the slope efficiency was found to increase by ϳ36% for a change in the temperature of 10°C ͑53-43°C͒.
The increase in performance of the PBE liquid-crystal laser has been considered in terms of thermal-induced changes in the lasing conditions. One of the factors that were found to be responsible for the increase in the slope efficiency was the emission efficiency of the DCM dye with respect to the resonant mode. Due to the resolution limits of our spectrometer we were unable to determine precisely the role of the quality factor of the liquid-crystal resonator on the operating efficiency of the PBE laser. Therefore, we cannot simply dismiss the quality factor as being a major contributor. The quantum efficiency of the dye and the wavelength dependency of the spontaneous emission intensity were found not to be factors.
The emission efficiency of the dye and the quality factor are governed predominately by the order parameter of the transition dipole moment for emission and the orientational order parameter associated with the chiral nematic "layers," S 2 , respectively. The actual contribution of each parameter to the improvement of the PBE laser at lower temperatures is currently under investigation. However, it appears that only a small change in these order parameters is required for a substantial alteration in the performance of a thermotropic PBE liquid-crystal laser.
